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Abstract: Small-angle and ultrasmall-angle neutron scat-
tering (SANS and USANS) were used to characterize silica
nanoparticle dispersion morphologies and the interphase in
thermoset dimethacrylate polymer nanocomposites. Silica
nanoparticle fillers were silanized with varying mass ratios
of 3-methacryloxypropyltrimethoxysilane (MPTMS), a silane
that interacts with the matrix through covalent and H-bond-
ing, and n-octyltrimethoxysilane (OTMS), a silane that inter-
acts through weak dispersion forces. Interphases with high
OTMS mass fractions were found to be fractally rough with
fractal dimensions, D, between 2.19 and 2.49. This rough-
ness was associated with poor interfacial adhesion and infe-
rior mechanical properties. Mean interparticle distances cal-
culated for composites containing 10 mass % and 25 mass
% silica suggest that the nanoparticles treated with more

MPTMS than OTMS may be better dispersed than OTMS-
rich nanoparticles. The results indicate that the covalent
bonding and H-bonding of MPTMS-rich nanoparticles with
the matrix are necessary for preparing well-dispersed nano-
composites. In addition, interphases containing equal masses
of MPTMS and OTMS may yield composites with overall
optimal properties. Finally, the combined SANS/USANS
data could distinguish the differences, as a function of sil-
ane chemistry, in the nanoparticle/silane and silane/matrix
interfaces that affect the overall mechanical properties of
the composites. © 2006 Wiley Periodicals, Inc.* ] Biomed
Mater Res 81A: 113-123, 2007
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INTRODUCTION

The dimethacrylate-based composites used as den-
tal restoratives'” require improvements®>”’ that may
be addressed by the use of silica nanoparticle fillers.
However, due to their high mobility and surface-to-
volume ratios, nanoparticles often form microscopic
aggregates during processing, thus offsetting the
potential benefits of their nanoscopic dimensions. In
general, a compatibilizing organic coating improves
nanoparticle dispersion in a matrix.® In dental com-
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posites, the silica filler is often surface-treated with
3-methacryloxypropyltrimethoxysilane (MPTMS) to
deter particle aggregation and promote interfacial
adhesion by allowing the particle surfaces to copo-
lymerize with the polymer matrix. By contrast, n-
octyltrimethoxysilane (OTMS), a non-reactive ali-
phatic silane, does not react with the resin matrix
but interacts mainly through weak van der Waals
forces. Dual-silanization of silica particles with
blends of reactive MPTMS and non-reactive OTMS
offers a number of potential advantages compared to
silanization with MPTMS only. These advantages
include improved uncured paste handling character-
istics, higher double-bond conversion during photo-
polymerization,” improved durability in the aqueous
oral environment, and lower polymerization stress.'

The aim of this research was to relate the chemical
composition of the silane-derived interphase to me-
chanical properties, mesoscopic nanoparticle mor-
phologies, and nanoscale interphase structures in
model dental nanocomposites. The chosen system
was a reasonable model for a microfilled composite
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because these types of dental restoratives typically
contain 20%-45% by volume (35%-60% by mass)
silica nanoparticles, 10-120 nm in diameter.'""'* A se-
ries of fillers were prepared with varying ratios of
MPTMS and OTMS surface chemistries. Composites
with four different concentrations of silanized silica
fillers were prepared, and the changes in composite
morphology over a large size range (1 nm-10 pm)
were studied using combined small-angle neutron
scattering (SANS) and ultrasmall-angle neutron scat-
tering (USANS) studies. Although there have been
other studies of silica nanocomposites by SANS,"
this technique has not been rigorously explored pre-
viously as a tool in dental composites research.

EXPERIMENTAL SECTION*

Materials

The matrix of the composites was comprised of a 50:50 by
mass mixture of 2,2-bis[p-(2’-hydroxy-3'-methacryloxypro-
poxy)-phenyl] propane (BisGMA) and triethylene glycol
dimethacrylate (TEGDMA) (Esstech, Essington, PA) acti-
vated for photopolymerization with an initiator system of
ethyl 4-dimethylaminobenzoate (4E) and camphorquinone
(CQ) (Aldrich, Milwaukee, WI), at mass fractions of 0.8 and
0.2%, respectively. Aerosil OX50 fumed amorphous silica
(Degussa, Dublin, OH) was silanized with MPTMS and
OTMS (Gelest, Tullytown, PA). The particles ranged from 10
to 80 nm in diameter with a primary particle size of 40 nm
according to the manufacturer. Silanizations were con-
ducted in cyclohexane (J.T. Baker, Phillipsburg, NJ) using n-
propylamine' as a catalyst (Aldrich, Milwaukee, WT).

Silanization of silica nanoparticles

The nanoparticles were treated with silanes (10% by mass
relative to silica) using a previously reported procedure.'* The
mass ratios of MPTMS:OTMS charged to the silanization reac-
tions were varied from 1:0, 0.75:0.25, 0.5:0.5, 0.25:0.75, and 0:1.
In a representative procedure, the silica powder (5.0 = 0.05 g),
cyclohexane (100 mL), n-propylamine (0.1 * 0.01 g), and
MPTMS (0.55 = 0.01 g) were agitated in a round bottom flask
at 25°C = 5°C for 30 min and then at 60°C * 5°C for 30 min.
The mixture was placed under vacuum (=x2.7 kPa) using a ro-
tary evaporator at 60°C *+ 5°C for approximately 15 min. The
resulting powder was then heated at 95°C * 5°C for 1 h under
the same vacuum in the rotary evaporator and then at 80°C
for 18 h in a vacuum oven (~2.7 kPa).

*Certain commercial materials and equipment are identi-
fied in this report only to specify adequately the experi-
mental procedure. In no case does such identification
imply recommendation by NIST nor does it imply that the
material or equipment identified is necessarily the best
available for this purpose.
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Composite preparation for SANS studies and
mechanical testing

For the SANS studies, the silanized silica powders (10, 25,
45, and 60% by mass; 5.9, 15.8, 31.5, and 45.7% by volume,
respectively, calculated based on the density of silica) were
thoroughly mixed into the photo-activated resin until the
composite pastes appeared homogeneous and semi-trans-
parent. The pastes (x0.15 g) were photopolymerized
between two sheets of Mylar film pressed between glass
slides for 1 min per side using a Dentsply Triad 2000 visible
light curing system (York, PA; A = 470 nm). For mechanical
testing, 60% by mass of the silanized silica powders were
mixed into the resin as described previously. The composite
pastes were then pressed into circular molds (for biaxial
flexure strength, BFS) or rectangular molds (for three point
bend), photo-cured for 1 min per side between Mylar film
and glass slides, and stored in distilled water at 37°C =
0.5°C for 24 h prior to mechanical testing according to proce-
dures established in the literature.'

Characterization of physical and
mechanical properties

The silanized silica nanoparticles were analyzed for
mass loss on heating using a TA Instruments Q500 ther-
mogravimetric analyzer (TGA). The particles (0.20 * 0.02
mg) were heated to 600°C under air or ultra-pure nitrogen
at 10°C per min.

Three-point bend and BFS tests were conducted at a cross-
head speed of 0.5 mm min ' using a Universal Testing
Machine model 5500R (Instron, Canton, MA). The three-point
bend test utilized a 20 mm span. The moduli and strength val-
ues reported were the average of 5-7 specimens from which
the standard deviation uncertainties were deduced.

Scanning electron microscopy (SEM) images of the com-
posite were obtained using a field emission SEM (FE-SEM,
Hitachi 4700) operating at 1 kV. The composites were em-
bedded in epoxy and cut with an Allied diamond wafering
blade. The surfaces were sanded with silicon carbide sand-
paper down to 4000 grit and then polished with diamond-
sprayed polishing cloths. The surfaces were then etched for
10 min in a quartz-barrel plasma cleaner (model SP100, Ana-
tech, Alexandria, VA) to expose the silica nanoparticles.

Bright-field transmission electron micrographs were
obtained with a Philips EM400T transmission electron
microscope at an accelerating voltage of 120 kV. Sections
approximately 70 nm thick were cut from polymerized
nanocomposites at room temperature using a Leica ultra-
microtome equipped with a diamond knife. These sections
were collected on the surface of a water-filled trough and
retrieved using 200 mesh copper grids.

Microstructure characterization by
SANS and USANS

SANS measurements were carried out using the NIST/
ExxonMobil/University of Minnesota NG7 SANS instru-
ment'® at the NIST Center for Neutron Research (NCNR),
Gaithersburg, MD. USANS measurements were made
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using the BT5 NSF USANS facility'” at NCNR. For SANS,
the neutron wavelength, X, was 0.8 nm and four different
instrument configurations were used, with the data
recorded on a 2D detector. Data were corrected for detec-
tor sensitivity, electronic and parasitic background effects,
and sample absorption, then calibrated against the incident
beam flux and normalized to unit sample volume. Finally,
the SANS data were circularly-averaged to give the abso-
lute scattering cross-section intensity as a function of g
[where g = (4n/A) sin ((])S/ 2) where ¢sg is the scattering
angle] in the range 0.005 Al < qg<02 A~'. The USANS
instrument employs Bonse-Hart Si (220) crystal diffraction
optics with A = 0.24 nm to extend the minimum g down to
0.00003 A", The data were corrected for the empty beam
(blank) subtraction, calibrated with respect to the incident
beam, and de-smeared to remove slit-smearing effects. The
combined SANS/USANS data were intercalated and nor-
malized with respect to each other in order to produce, in
each case, a single data set of the scattering cross-section
(d=/dQ, or I{g}) versus g.

The combined data were analyzed using a combination of
four theoretical models for varlous parts of the comp051te
microstructure. At g > 0.02 A~, the ~* Porod scattering law'®
was assumed in order to determme the total silica/matrix inter-
facial surface area, St, from:

dx 2rt|Ap| St

i = P +BGD (1)
where |Apl? is the scattering contrast between silica and the
polymer matrix (|Apl 2 — 4.414 x 10® m %) and BGD is the
incoherent flat background scattering. The presence of the
silane interphase complicates the assumption of a 2-phase
system composed of silica particles within a polymer matrix.
However, the interphase thickness is assumed to be much
smaller than the silica particle size; thus a two-phase model
can be applied for most purposes.

Close inspection of the scattering data for some of the
samples revealed that the terminal exponent in g was
actually slightly <4 (see below), indicating the presence of
a self-affine surface-fractal structure surrounding the silica
particles. This structure masks any effect of a diffuse inter-
face caused by a gradation in the silane concentration
across the thickness of the interphase region, which could
have given steeper than g * scattering. The fractal struc-
ture was modeled by fitting the data with a surface-fractal
function for g > 0.01 A~

dY  n&d|Ap[*S.I'(5 — D) sin[(3 — Ds) arctan(gts)]

B (5-Ds)/
der [1 + (’1@5)2] Y zqﬁs
+BGD (2)

where S, is the smooth surface area measured for a scale
dimension > the correlation length, &s, Ds is the surface-fractal
exponent, and I'(x) denotes the mathematical gamma function.
For g&s > 1,d2/dQ ~ ), which gives Porod q~* scattering
if Dg = 2. Also, the surface area measured for a roughness
dimension, 7, is given by S(r) = S, (&s/ e % and the maxi-
mally-rough surface area is given for the minimum roughness
dimension, r = rc. The model fit gives S, Dg, and &g. If the max-
imally-rough surface area is assumed to equal St, from the
Porod scattering, comparison of S, and St can be used to esti-

mate rc. However, our main purpose was to determine the
degree to which Dg varied from two as a function of the silica
particle concentration and the MPTMS/OTMS interphase com-
position.

The combined SANS/USANS data were also fitted over
all g using a two- or three-component lognormal volume
fraction size distribution model to calculate the scattering
from the silica particles within the polymer matrix'*?’:

o= 180P{ [ mDE@VOED}PG @

where the form factor used, F%(q), is that for a spheroid of
near-globular aspect ratio, p = 1.2, V(D) is the particle vol-
ume for diameter, D, i.e., Vi(D) = pnD?/6, the cross-section
is averaged over the i-component size distribution, ®;(D),
and P(q) is the structure factor for particle-particle interac-
tions discussed below. Since the silica particles are not
exact spheres, the aspect ratio, B, was set to 1.2, rather than
1.0, to allow for some dispersion in shape and orientation
within the defined lognormal size distributions. For each
component, ®(D) is given by:

Py 1

D) = il

(D) [2n lrl(DMEDIAN/DMODE)]1/2 (D)
xexp{— [ln(D/D]\/[EDIAN)]2 } "

2 In(Dmepian/Dwmobe)

where the total volume fraction, @1, the mode diameter,
Dyviope, and the distribution width were fitted for each
component. However, the median diameter, Dygpian, and
the mean diameter, Dygan = (DI%%:DIAN)/ (D,l\,{éDE, are the
derived parameters that, together with Dyiopg and @t are
most useful to describe each lognormal distribution.

Interparticle interference effects were taken into account
for the primary lognormal size distribution of silica nanopar-
ticles. In the present case, only a very approximate attempt
was made to parameterize the interference effects through a
functional form of P(q):

P(q) = {1 — VF3p(q, Dint)} (5)

where v is the local coordination number for nearest-
neighbor particles and Fapp;(7,Dint) is effectively a form-
factor function for spheres with radius, Dint, where Dinr is
the mean nearest-neighbor distance, averaged over the
particle size distribution.

Finally, as a check on the absolute volume fraction of
silica present, the scattering invariant, OmvariaNT S was cal-
culated for a selection of the combined SANS/USANS data
sets:

QmvariaNT = 21207 (1 — &1)|Ap|?

- [T e ©

where @ is now the total volume fraction of silica (all com-
ponents) and the integral is taken over the entire SANS/
USANS data set after subtraction of the BGD term at high 4.

The uncertainty in the TGA mass % data was * 0.2
mass %. The uncertainty in the I(7) data from neutron scat-
tering was *1%. Indicated uncertainties are one estimated
standard deviation.
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Figure 1. Mass loss with respect to temperature by thermogravimetric analysis of the silanized silica nanoparticles with
varying ratios of MPTMS and OTMS (a) in air, (b) derivative of a, (c) in ultra-pure nitrogen, and (d) derivative of c.

RESULTS AND DISCUSSION

Thermal characterization of silanized
silica nanoparticles

TGA was used to verify that the silica nanopar-
ticles have controlled silane surface chemistries (Fig. 1).
The data compare mass loss due to thermal degrada-
tion of the silanes for each type of silanized silica.
The final mass losses in air (3.24% = 0.38%) are com-
parable to those in nitrogen (3.09% = 0.16%). In air,
as the silane agent is changed from MPTMS to
OTMS, the temperature of the mass loss inflection
point decreases in a stepwise manner and the sharp-
ness of the transition increases. In nitrogen, a very
different change is observed. The MPTMS inflection
point occurs at ~400°C, the blended silanes display
two inflection points, and the OTMS inflection point
is at ~510°C (270° higher than in air). In the absence
of oxygen, the thermal degradations are inhibited
and occur at higher temperatures. This effect is more
exaggerated for OTMS than for MPTMS, possibly
because MPTMS contains oxygen in its methacrylate
group and the degradation may be partially self-cat-
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alyzed. The silyl ether oxygens are not likely to pro-
mote degradation since they are tightly held within
condensed silica networks.

Characterization of nanocomposite
mechanical properties

The mechanical properties of the composites con-
taining 60% mass fraction silanized silica (60% SiO,
composites) have been described in detail elsewhere’
and are summarized here in Figure 2. The BFS and
three-point bend flexure strengths are comparable
for the three composites containing the highest frac-
tions of MPTMS in the interphase. The BFS of the
composite with the 0.5:0.5 MPTMS:OTMS mass ratio
(0.5 M:0.5 O composite) is significantly greater than
for all the other composites (p < 0.05) except the
1.0 M composite. With increased OTMS fractions in
the interphase (0.25 M:0.75 O and 1.0 O), the flexure
strengths and BFS values of the composites decrease.
A similar trend is seen in the moduli of the compo-
sites, with the OTMS composite having the lowest
modulus.
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Figure 2. Moduli (right axis), biaxial flexure strengths,
and three-point bend flexure strengths (left axis) of 60%
S5iO, composites with varied silane interphase composi-
tions. Lines are drawn to guide the eye.

Effect of silane composition on nanoscale
interphase structure

To assess more accurately the influence of the dif-
ferent interphase compositions on the mechanical
properties of the nanocomposites, we analyzed a se-
ries of composites with SANS and USANS. For mod-
eling the data, we assumed two phases (silica and
polymer matrix) with distinct scattering length den-
sities. The silane interphase was assumed to have a
scattering length density intermediate between the
silica and the polymer matrix and for simplicity was
not modeled in this study. For the highest silica par-
ticle loadings (60% mass and, to some extent, 45%
mass) the silane content was sufficient to reduce the
effective scattering contrast between the particles
and the average (silane/polymer) matrix so that the
model results accounted for less than the total silica
present. However, this did not affect the morphol-
ogy issues discussed below.

In the four silica composite concentrations investi-
gated, deviations from g * behavior in the Porod re-
gion of the scattering profile are observed as the inter-
phase chemistry is gradually changed from 1.0 M to
1.0 O (Fig. 3). The slope of the scattering curve
decreases as the fraction of OTMS in the interphase
is increased. This effect becomes more apparent as
the mass fraction of silanized silica in the composite
is increased. To interpret, quantitatively, the effects
in the high q region, the scattering data were fit with
a surface-fractal model function (2).

The fractal model results correlate with a slight
increase in the Porod surface area, St, as the OTMS
fraction increases (Fig. 4). This subtle trend is con-
sistent in the composites at all four silica concentra-
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Figure 3. I(g) versus q expanded in the high q regime for

60% SiO, composites with varying interphase composi-
tions. Deviation from g * as the fraction of MPTMS
decreases and OTMS increases suggests surface fractal
behavior at the interphase. Exponents fit uncertainty < =
0.05. The lines indicate the range of exponents found.

tions, and suggests that rough interfaces exist in the
OTMS-rich composites that do not exist in the MPTMS-
rich composites. In addition, the fractal model fit
also provides the surface fractal exponent, D, for
each composite (Fig. 5), where Ds = 2 describes
smooth interfaces and Dy > 2 describes fractally
rough interfaces. In Figure 5, it is clearly seen that
D; is very close to 2 for the 1.0 M, 0.75 M: 0.25 O,
and 0.5 M: 0.5 O composites and then sharply in-
creases to 2.2 and 2.5 for the 0.25 M: 0.75 O and 1.0
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Figure 4. Total surface areas normalized with respect to
nominal silica volume deduced from Porod scattering fits
to the high g data.
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Figure 5. Surface fractal exponents (Ds) as a function of
interphase chemistry for the four silica composite concen-
trations investigated in this study.

O composites, respectively. Thus, fractally rough in-
terfaces exist in the composites containing the high-
est OTMS mass fraction.

The relative fractal roughness detected in the com-
posites with various interphase chemistries provides
insights into the nature of the adhesive or non-adhe-
sive qualities of the silanes. The silane interphases
interact with the surrounding polymer matrix phase
through covalent bonding, H-bonding, van der
Waals interactions, or some combination thereof. For
the 1.0 M composite, the St and Dy values indicate
smooth interfaces within the composite. It is inferred
that the Porod scattering intensity originates primar-

MPTMS
interphase

YA
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ily from the smooth nanoparticle/silane network
interface. An interface between the silane network and
the polymer matrix is not detected. Therefore, the
1.0 M interphase mixes and reacts with the matrix
sufficiently to render it indistinguishable from the
matrix. This scattering characteristic is maintained
for the 1.0 M, 0.75 M:0.25 O, and 0.5 M:0.5 O compo-
sites, indicating that significant interphase/matrix
copolymerization and H-bonding interactions occur
even when up to half of the interphase is OTMS,
providing significant particle/matrix adhesion.

For the 0.25 M: 0.75 O and 1.0 O composites, how-
ever, two interfaces exist: a smooth nanoparticle/sil-
ane network interface and a fractally rough silane
network/polymer matrix interface. The rough, frac-
tal-like interface is detected because of poor bonding
between the OTMS-rich interphase and the polymer
matrix phase. These interfaces cause the shallow
slope in the Porod regime and a value of Dy > 2
(Fig. 6). Such effects are indicative of poor adhesion
and poor OTMS/polymer matrix compatibility.

Effect of filler concentration on
composite morphology

Nanoparticle microstructures within the compo-
sites were investigated as a function of filler concen-
tration. The volume weighted particle size distribu-
tion, V(D), derived from the model fitting, changes
appreciably as a function of filler concentration. The
ratio V(D)/V(D)max vs. diameter curves narrow and
shift to smaller diameters as the concentration of
silanized silica increases from 10 and 25% to 45 and
60% SiO, (Fig. 7). Since the same batch of silica was
used for all the composites, the particle size differen-

OTMS
interphase

W, )

F 1
P

il \.-1\"-- +.

Figure 6. A diagram showing the differences between the MPTMS and OTMS interphases. There is a distinct rough
interface between OTMS and the polymer matrix whereas the MPTMS interphase is copolymerized with the matrix so that
the MPTMS-matrix interface is indistinguishable. In this diagram, the sizes of the interphase regions have been exagger-

ated relative to the size of the silica nanoparticles.
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Figure 7. Volume weighted size distributions normalized
with respect to maximum volume, V(D)max, for composites
containing four concentrations of 1.0 O silica.

ces are caused by the differences in nanoparticle
microstructure.

In the 45 and 60% SiO, composites, as observed in
SEM (Fig. 8), the spatial arrangement of the particles
is nearly close-packed and the overall distribution is
relatively homogeneous. In the 45% SiO, composites,
there are some regions of polymer-rich voids. The
maxima in V(D)/V(D)max (Fig. 7) are located at 30
and 34 nm for the 60 and 45% SiO, composites,
respectively. These mean diameters are acceptably
close to the manufacturer’s nominal primary particle
size of 40 nm derived from SEM. The results indicate
that the SANS data are dominated by scattering from
individual particles, not from particle clusters. Exami-
nation of the scattering profiles in Figure 9 reveals a
distinct flattening of the scattering data for the 60%
SiO, composites at low g. This flattening or “topping
out” of the scattered intensity at low g indicates that if
any aggregates are present, then they are too large to
scatter in the measured q range. For the 10, 25, and 45%
Si0, composites, the scattering continues to increase in
intensity with decreasing ¢ at the lowest q values, which
indicates scattering both from individual particles and
particle aggregates. For the 45% SiO, composite, the ag-
gregate volume fraction measured by model fitting is
very small (~0.5% by volume) compared to the total
silica volume fraction in the composite. Individual par-
ticles, particle clusters, and polymerrich regions are
observed in the 10 and 25% SiO, composites [Fig. 8(a,b)].
Therefore, the scattering profiles and SEM data suggest
that the V(D) profiles of these composites are broader

and shifted to larger diameters (maximum at ~56 nm)
due to local agglomeration effects. In general, these
data characterize the gradual change in nanoparticle
microstructure from individual particles and aggre-
gates dispersed within a matrix phase to a nearly
close-packed arrangement of particles enveloped by
the polymer matrix wherein individual aggregates
are no longer detectable. The accuracy of the log-
normal volume fraction size distribution model was
verified by calculating the total component volume
fractions, @7, for all the composites using the scatter-
ing invariant method, as described previously.

Effect of silane composition on
composite morphology

The dispersion state of silica nanoparticles in a
polymerized matrix is of practical importance in the
field of polymeric dental restorative materials be-
cause nanoparticle fillers are being used increasingly
in microfilled and hybrid composites. Nanoparticle
dispersion quality will ultimately affect the proper-
ties of these materials. Both particle-particle and par-
ticle-matrix interactions influence particle dispersion
quality and the chemistry of the silane agent on the
surface of the silica plays a major role in determin-
ing the nature of these interactions.

To study the effect of silane interphase composi-
tion on nanoparticle dispersion quality, the com-
bined SANS/USANS data were fit using models that
assume at least two size distributions are present.
The first distribution models the individual silica
particles and includes interference effects between
particles. The other distributions model the particle
aggregates and were tailored to accommodate the fit-
ting curve. For the 10 and 25% SiO, composite scat-
tering data, very good fits were obtained using these
models. The model fits provide results for the mean
nearest-neighbor distance (Dj,;) between the primary
particles. As the silane composition changes from
1.0 M to 1.0 O, D;,; decreases from 87 to 78 nm
(Fig. 10), suggesting that particles with higher OTMS
fractions at the interphase are closer together. At
lower silica concentrations (10 and 25% SiO,), the
MPTMS interphase keeps the individual silica nano-
particles better dispersed, on average, than does
OTMS. The dual silanized particle distances are in-
termediate between those of MPTMS and OTMS.

In particle-filled composites, the interplay of parti-
cle-matrix interactions and particle-particle inter-
actions, and the relative strengths of these forces, govern
the degree of nanoparticle aggregation.”’ In general,
when nanoparticles are dispersed in a polymerizing
medium, the particles tend to aggregate as the polymer
molecular weight increases. It is entropically unfavora-
ble for the growing polymer to be confined between
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Figure 8. Scanning electron micrographs of cut, polished, and oxygen plasma-etched surfaces of (a) 10% (b) 25% (c) 45%

and (d) 60% SiO, composites. The scale bars equal 500 nm.

the surfaces of particles because of the loss of polymer
configurational entropy.*” The data in this study sug-
gest that in the 10 and 25% SiO, composites, the
MPTMS-rich interphase overcomes these entropic
effects by confining the polymer network between the
particles either through H-bonding, covalent bonding,
or a combination of both mechanisms. Silica particles
coated with OTMS do not bond with the matrix and
have enough mobility to move around during poly-
merization in response to depletion effects.”

More evidence that the interphase composition
influences nanoparticle dispersion quality is shown
in Figure 11 where an increase in aggregate size
(second size distribution from the fitting model) is
seen for the composite with the OTMS interphase.
The model fitting also shows a general trend
towards a higher aggregate volume fraction as the
fraction of OTMS is increased. All these data suggest
that, for the 10 and 25% SiO, composites, better dis-
persion quality is obtained when the interphases

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a

contain MPTMS. Interphases containing only OTMS
(1.0 O) produce composites with larger, more com-
pact, aggregates than interphases containing MPTMS.

In the 45 and 60% SiO, composites, SANS mea-
sured no significant difference in morphology as a
function of silane composition, and >98% of the par-
ticle volume detectable by scattering is in the pri-
mary particle size distribution. This suggests the
particle distributions and morphologies of the com-
posites with different silane compositions are very
similar. Interference distances, and aggregate sizes
and volumes, calculated by the model indicate only
statistical fluctuations in the nanoparticle distribu-
tion. Some polymer-rich phases are observed with a
range of sizes by SEM in the 45 and 60% SiO,
composites with all five interphase compositions
(Fig. 12). Most likely, the stochastic polymer rich
regions were present during mixing of the uncured
composite pastes and were set in place during pho-
topolymerization.
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Figure 9. Combined data from SANS and USANS for
representative 10%, 25%, 45%, and 60% SiO, composites
containing silica nanoparticles silanized with 1.0 M. The
lines are the multi-component lognormal size distribution
fits. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

Relationships between interphase composition
and composite mechanical properties

The variations in interphase morphology were
measured by small-angle scattering. There is a clear
distinction between the three composites with smooth
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Figure 10. Interference distances as a function of silane

composition calculated from the model fit data for 10 and
25% SiO, composites (Fit uncertainties: = 15 A).
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Figure 11. Mean cluster diameters (mean diameters of
the second size distribution) as a function of silane compo-
sition calculated by the model fit for 10 and 25% SiO, com-
posites. Lines are drawn to guide the eye.

interfaces (1.0 M, 0.75 M: 0.25 O, and 0.5 M: 0.5 O)
and those containing rough, fractal-like interfaces
(0.25 M: 0.75 O and 1.0 O). The smooth interface is
attributed to the silica nanoparticle/silane network
interface and the rough interface is attributed to the
OTMS/matrix boundary. The discrete change from
smooth to rough interfaces is consistent with the dis-
tinct decrease in the composite mechanical proper-
ties that occurs for the OTMS-rich composites and is
equated with a change from an adhesive to a non-
adhesive interphase. The difference between the ad-
hesive and non-adhesive interphases is supported by

composite

Figure 12. Scanning electron micrograph of a 60% SiO,
composite with a 1.0 O interphase. The stochastic polymer
“voids” were distinct from the surrounding composite.
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Figure 13. TEM images of 10% SiO, composites with 1.0 M (left) and 1.0 O (right) interphases. Filler particles appear
dark as a result of their high density compared to the surrounding matrix. The mottled appearance of the matrix phase of
the 1.0 M composite (left) is an artifact caused by electron irradiation. Arrows (right) indicate regions of poor adhesion

and dislodged particles.

TEM images of 10% SiO, composites (Fig. 13). All
the MPTMS-silanized particles are situated securely
in the matrix whereas some of the OTMS-silanized
particles are completely dislodged or noticeably dis-
connected from the matrix, a situation that presum-
ably occurred when the samples were microtomed.
In summary, it may be inferred from the 10 and 25%
5i0, composite data that the 1.0 M, 0.75 M: 0.25 O,
and 0.5 M: 0.5 O nanoparticles are better dispersed
in the 60% SiO, composites than the 0.25 M: 0.75 O
and 1.0 O nanoparticles. However, the enhanced me-
chanical properties of the composites containing
MPTMS-rich interphases are primarily attributed to
the improved interfacial adhesion between the filler
and the polymer matrix mediated by covalent and
non-covalent interactions. The slight increase in the
BFS of the composite with the 0.5 M: 0.5 O inter-
phase may be attributed to improved mechanical
stress relaxation and load transfer at the interface.

CONCLUSIONS

SANS is an effective method to investigate the
morphology of silica nanoparticle dispersions in
polymer matrices.”** In our study, the combined
SANS and USANS took the scattering measurements
to lower q and larger size than any previous measure-
ments on dental nanocomposites. USANS determined
that very large aggregates are not present, which could
not have been established using SANS alone.
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Under the processing conditions used in this study,
the nanoparticle microstructures are relatively con-
sistent among the different interphases. No micro-
structural advantage or disadvantage was observed
with the dual MPTMS/OTMS interphases compared
to the 1.0 M interphases for the 60% SiO, compo-
sites. However, D;,; values and mean cluster diame-
ters calculated for the 10 and 25% SiO, composites
suggest that the nanoparticles treated with higher
mass fractions of MPTMS relative to OTMS are
slightly better dispersed than the 1.0 O nanopar-
ticles. The SANS data suggest that the 1.0 M, 0.75 M:
0.25 O and 0.5 M: 0.5 O interphases adhere well to
the polymer matrix while the 0.25 M: 0.75 O and 1.0 O
interphases are relatively non-adhesive and form a
fractally rough interface with the polymer matrix.

The optimal interphase composition is the dental
nanocomposite system with the dual 0.5 M: 0.5 O sil-
ane blend. Although this silane system contains a
high level of the non-bonding OTMS, a strongly ad-
hesive interface results, yielding a composite with
enhanced strength and modulus.
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